ABSTRACT Movement and survival of early instar clover root curculio, Sitona hispidulus (F.), and the development of root nodules in alfalfa, Medicago sativa L., were examined in relation to soil texture and moisture. Early instars were subjected to three soil textures (loamy sand, loam, and silty-clay loam) and two moisture potential regimes approximating very moist and slightly moist conditions, respectively. Survival of early instars was signiÞcantly higher in the slightly moist silty-clay loam (61%) and lowest in the slightly moist loamy sand (23%). These results suggest that cracks 1.0 mm or larger in the silty-clay loam increased access of the Þrst instars to alfalfa root nodules. Production of root nodules was signiÞcantly greater in the loamy sand, yet clover root curculio survival in this soil type was lower, indicating that this soil deterred Þrst instar access to critical nodule resources. We tested the ability of Þrst instars to penetrate soils of three different textures and Þve moisture levels. First instars penetrated moist and slightly moist silty-clay loam and coarse sand signiÞcantly better than severely moist and saturated treatments, and also better than loamy sand at any moisture level. This was due to the presence of large cracks and/or pores in the drier silty-clay loam and coarse sand. This information will be useful for identifying soil conditions in alfalfa Þelds that inßuence the pest potential of this insect and hence assist in developing more effective integrated pest management strategies.
THE CLOVER ROOT CURCULIO, Sitona hispidulus (F.), is a herbivore of several legumes, the most economically important being red clover, Trifolium pratense L.; white clover, Trifolium repens L.; and alfalfa, Medicago sativa L. (Thompson and Willis 1971) . Other hosts include medic, Medicago lupulina cummerowia (Jackson 1922) and lespedeza, L. striata (Thunb. Schindler) (Phillips and Ditman 1962) . The adult clover root curculio causes minimal damage by chewing irregular holes in the leaf margins, whereas larvae feed on various root components reducing forage yield, quality, stand persistence (Bigger 1930 , Quinn 1985 , Dintenfass and Brown 1988 , Hower et al. 1995 and nitrogen Þxation (Swineford 1998) . First instar larvae must penetrate the soil and Þnd root nodules to begin feeding. Byers and Kendall (1982) noted that Þrst instar survival was higher on alfalfa roots with nodules than on those without nodules. Quinn and Hower (1986) also found that the number of Þrst instars was correlated with number and biomass of nodules in the Þeld. Tan and Hower (1991) reported, from laboratory studies, that Þrst instars must initially feed on a nodule to ensure further development. Consequently, the soil environment in which the nodules exist will greatly inßuence establishment of the Þrst instars on the alfalfa crop. Marrone and Stinner (1983) suggested the cost of movement in loamy sand for early instar bean leaf beetles Ceratoma trifurcata (Forster) may increase mortality due to cuticle abrasion and desiccation. Turpin and Peters (1971) indicated the same cost of movement through the soil for western corn rootworm larvae. The Þrst instar western corn rootworm, Diabrotica virgifra virgifera LeConte, is very similar in size to the Þrst instar clover root curculio, having an average head capsule width of 0.2 mm. Movement of western corn rootworm larvae in a sandy loam, moderately compacted to a bulk density of 1.1 g/cm 3 , was limited to Ͻ5 cm. However, in a poorly graded coarse sand at the same bulk density there was no such limitation, but rather freer movement out to 30 cm due to the larger pore spaces unobstructed by smaller particles (Strnad and Bergman 1987) . Movement of Þrst instar western corn rootworm was restricted in silt loam at bulk density of 1.1 g/cm 3 with Ͼ80% moving only 5 cm. Godfrey and Yeargan (1985) found significantly lower survival of clover root curculio immatures in a saturated (35% moisture) silt loam than in drier treatments of 19 and 27% moisture. Goldson et al. (1986) attributed wide variations in populations of S. discoides to spring soil moisture conditions. The ßood-ing of cultivated soils with irrigation has been used as a cultural control for several species of soil borne insect pests, including wireworms (Genung 1970) , scarab grubs (Shetlar et al. 1988 ) and root aphids (Lange et al. 1957 , Harper 1963 . EskaÞ and Fernandez (1990) attributed high mortality of Mediterranean fruit ßy, Ceratitis capitata (Wiedemann) larvae and pupae in Guatemala during the rainy season to prolonged saturation of soil and consequent anoxia.
Knowledge of the biotic and abiotic factors affecting clover root curculio in the alfalfa rhizosphere is important in understanding its population dynamics and potential for management. In this study, the effects of soil texture and moisture potential on the dynamics of early instar clover root curculio and alfalfa root nodulation were examined. Soil structure, nutrient levels, and insect pathogens characteristic of each soil texture presumably exert different selective pressures on clover root curculio survival. Determining the relationship between clover root curculio dynamics and soil texture provides information for more accurately forecasting the pest potential of this insect and for developing more efÞcient sampling programs to locate and monitor populations. In addition, a better understanding of how soil texture and moisture potential affect the population dynamics of the clover root curculio might provide insight necessary for developing more appropriate management strategies for this forage pest.
Materials and Methods
Early Instar Survival and Root Nodule Biomass. Alfalfa plants were dug in the fall from a spring-seeded alfalfa stand and their size was standardized on the basis of root crown diameter (0.4 Ð 0.7 mm). The roots were trimmed to 10 cm in length, and top growth was trimmed to crown height. Plants were surface sterilized in 1% sodium hypochlorite for 10 min, rinsed in distilled water for 10 min, and stored in a plastic ziplock bag at 4ЊC until transplanted into pots made from polyvinyl chloride pipe. Pots were 25 cm in depth by 10 cm in diameter with a 12.5-cm square section of 6-mm-thick Plexiglas as a base. A 1.0-cm-diameter hole in the base provided drainage.
A 2 by 2 by 3 factorial experiment included two insect densities, two moisture levels, and three soil textures, resulting in a total of 12 treatments. The experiment was replicated seven times and blocked over time and location. The Þrst block consisted of three replications in one controlled environment chamber and was started 10 d before the second block, which consisted of four replications in a second chamber. This blocking was done to prevent logistical problems related to harvesting and washing roots, which was a tedious and time-consuming process. Potted plants were randomized on the 1 by 2-m platform within each chamber, which was programmed to remain at 24ЊC under a photoperiod of 16:8 (L:D) h.
Soil moisture potential levels tested were Ϫ0.01 and Ϫ1.0 MPa, which represent different water contents on a dry weight basis (gram/gram) for each soil type. Pressure plate analysis (Klute 1986 ) was performed to determine water content (gram/gram) of soils at Ϫ0.01 MPa and Ϫ1.0 MPa moisture potentials. These two distinct soil moisture regimes along with two densities of clover root curculio larvae (0 and 50) were used to evaluate the impact of clover root curculio herbivory on nodule biomass as well as the effect of soil texture and moisture level on nodulation. Soil textures tested were Leetonia loamy sand, Hagerstown loam, and an unspeciÞed silty clay loam (USDA Soil ClassiÞcation System) collected from cultivated Þelds in Centre County, Pennsylvania. These soil textures were chosen to represent a range from predominantly sandy to predominantly clay, while also falling within the range of normally cultivable soils. Consequently, to facilitate clarity in further discussion the silty-clay loam will be referred to as clay, the loam as loam, and the loamy sand as sand. Standard soil nutrient and particle size analysis (from which clay/soil ratio was extracted) were performed by the Agricultural Analytical Services Laboratory and the Soils Characterization Laboratory (Ciolkosz et al. 1988) at The Pennsylvania State University. The hydrometer method outlined by Gee and Bauder (1986) was used for particle size analysis. Soils were steam sterilized at 180ЊC for 1 h to eliminate insects and pathogens, and then oven-dried at 105ЊC for 48 h.
Pots were Þlled with oven-dried soil, and distilled water was added to bring the soil to a desired water content on a dry weight basis (gram/gram) and equivalent to the desired moisture potential (MPa). Water weights added to soils to achieve desired moisture levels were calculated from their respective moisture retention values. Weights of oven-dried soil per pot were different for each soil (loamy sand, 2,200 g; loam, 1,950 g; and silty clay loam, 1,800 g). Differential settling and/or swelling behavior for each soil after wetting necessitated different weights to approximate a 20-cm soil column in each pot after water was added.
The weight of the entire pot system including pot, soil, water, and plant was standardized for each soil texture. Plant weight, although variable, was Ͻ0.7% of the total weight and was considered a negligible factor in maintaining soil moisture levels based on pot weights. Soil moisture levels were maintained by weighing pots every 24 h with a Mettler PC4400 scale and adding distilled water to bring the pot weight to the predetermined standard.
Before inoculating the pots with clover root curculio eggs, the alfalfa plants were grown for 8 wk to allow sufÞcient root establishment and nodulation. Plants were watered weekly with 50 ml of Jensens nitrogenfree solution (Baker and Byers 1977) and inoculated with Rhizobium meliloti bacteria on six occasions over 2 mo to ensure uniform nodulation. One week before inoculating with clover root curculio eggs, moisture levels in the pots were adjusted to the levels mentioned above. Alfalfa plants were kept trimmed to 15 cm height to minimize ßuctuations in transpiration.
Clover root curculio eggs were obtained from Þeld-collected adults by using the method described by Newton (1958) . Eggs were surface sterilized with 1% sodium hypochlorite for 10 min, rinsed with distilled water over a vacuum Þlter, and stored on moist Þlter paper in paraÞlm-sealed petri plates in a refrigerator at 4ЊC. Before their use, groups of 50 eggs each were placed under growth chamber conditions for 8 d to synchronize hatch at 2 d after inoculation. The eggs were washed off the Þlter paper onto the soil surface with 20 ml of distilled water. Eclosion rate was 92%, as determined from eggs held on moist Þlter paper in petri dishes under growth chamber conditions. Pot contents were harvested 15 d after inoculation to ensure collection of early instar clover root curculio under the conditions of this experiment (Tan and Hower 1991) . Early instars included Þrst, second, and third instars. Larvae were recovered by soaking pots for 10 min to loosen soil then rinsing the entire contents of the pot through a series of 2.0-mm, 0.85-mm, and 0.25-mm mesh sieves. Larvae were ßoated from the sieves in cold water and placed in 70% ethanol. Alfalfa root nodules were excised, placed on dry Þlter paper in petri dishes, and air dried for 5 d as described by Quinn (1985) . Dry weights were then determined.
Treatment means of early instar survival under different soil texture and moisture treatments were plotted with 95% CI. The GLM procedure of SAS was used to analyze nodule biomass data (SAS Institute 1990).
Vertical Distribution of Root Nodule Biomass. All preparatory procedures and experimental conditions were the same as in the larval experiment, except that no eggs were added to the pots, and only root nodule data were collected. The root nodule biomass experiment, discussed previously, was designed to evaluate differences in total nodule biomass under different soil textures and moisture potential levels. In contrast, this experiment evaluated the vertical distribution of alfalfa-root-nodule biomass both within and among soil textures and moisture potential levels.
A 2 by 3 factorial design used the same two moisture potential levels and three soil textures described for the larval experiment, resulting in a total of six treatments. Each treatment combination was tested six times. Pot contents were harvested 8 wk after transplanting to ensure good nodulation. Soil and roots from all pots were segregated into the top 10 cm and bottom 10 cm to evaluate vertical distribution of root nodule biomass. All procedures for harvesting and processing root nodules were the same as those used by Quinn (1985) .
Data were analyzed using the analysis of variance (ANOVA) procedure of SAS. To test for differences in means of main effects and interaction effects, the protected least-signiÞcant difference (PLSD) procedure was used. Paired t-tests determined signiÞcant differences between the root nodule biomass in the top 10 cm and the bottom 10 cm, within soil texture and moisture level treatments (SAS Institute 1990) .
First Instar Penetration of the Soil Surface. A 3 by 5 factorial design was used and included three soil textures and Þve moisture potential levels. The three soil textures were the Leetonia loamy sand and unspeciÞed silty clay loam described earlier and a coarse sand (0.5Ð1.0 mm in diameter). The Þve moisture potential levels were air-dry (dry), Ϫ1.0 MPa (slightly moist), Ϫ0.1 MPa (moist), Ϫ0.01 MPa (very moist), and saturated (wet). Thus, a total 15 treatment combinations were tested, and each was tested four times. The soils were wetted and mixed in 50 by 9-mm petri plates and allowed to dry to a predetermined weight corresponding to the appropriate moisture level for each soil texture. The moisture levels were determined, as in the clover root curculio larval experiments, by using the pressure plate moisture retention values for each soil. Based on the weight (grams) of soil that was added to the petri plates, the appropriate weight (grams) of water was calculated and a total weight was determined for each soil/moisture combination. Wetting, mixing, and drying of soils allowed them to express their characteristic properties with relation to elementary structure and moisture, i.e., expansion cracks and settling.
Clover root curculio eggs were collected and stored as in the previous experiments. Eggs were removed from storage 10 d before Þrst instars were needed for bioassay, and were placed at 24ЊC to initiate eclosion. Five newly hatched Þrst instars (no Ͼ12 h old) were placed in the center of the petri plate and observed under a binocular microscope at 10ϫ magniÞcation. This was replicated four times for each of the 15 treatment combinations. The number of larvae that left the soil surface within 5 min was recorded. Searching and/or burrowing behaviors were observed.
Data were analyzed using two-way ANOVA procedures in the StatView software package (Abacus Concepts 1986). The value of 0.5 was added to all data points before statistical analysis to eliminate zeros from the data set. Treatment means of Þrst instar penetration for different soil texture and moisture treatments were plotted with 95% CI.
Results

Survival of Early Instar Clover Root Curculio.
Within the Ϫ0.01-MPa (very moist) treatments, the clay/sand ratio had no signiÞcant effect on larval survival, but within the Ϫ1.0-MPa (slightly moist) treatments soil texture (clay/sand ratio) had a signiÞcant effect (Fig. 1) . Mean larval survival (61%) in the Ϫ1.0-MPa (slightly moist) clay was signiÞcantly higher than that in all other soil/moisture treatments, except in Ϫ0.01-MPa (very moist) loam where mean survival was 38%. Larval survival was lowest in the Ϫ1.0 MPa sand treatment.
The 2-mo duration of this experiment did not allow time for development of well-deÞned secondary soil structure in the potted alfalfa system, especially with respect to the development of old root channels and earthworm tunnels. However, development of elementary structure in the form of cracking, consolidation, and aggregation was observed. Pronounced soil cracking in the clay, and to a lesser extent in the loam, primarily was due to shrinking and swelling precipitated by wetting and drying cycles. Very little, if any, cracking was observed in the sand, but consolidation and some cementation were noted. More stable soil aggregation was observed in the clay and loam than in the sand (Table 1) . This was probably due to the colloidal adsorption of clays and higher organic matter usually present in clay and loam soils (Brady 1990) .
Alfalfa Root Nodule Biomass. Soil, moisture, insects, and block signiÞcantly affected nodule biomass in alfalfa based on least square means analysis by using the type two mean square for moisture ϫ soil ϫ insect ϫ block as an error term (Table 2) . No signiÞcant interactions were identiÞed. SigniÞcantly higher nodule biomass (0.116 g) was found in sand than in either the loam (0.070 g) or clay (0.042 g) (WallerÐDuncan: F ϭ 14.3; df ϭ 2, 11; P Ͻ 0.05). Chemical analysis showed that all three soils used in the clover root curculio survival experiments were within the normal range of total N (Table 3 ), but the clay had twice the amount of nitrogen as either the loam or sand. Soil test results did not reveal any other nutrient factors that might have been responsible for differences in nodule biomass in the soils.
In examining the effects of moisture on nodule biomass, the Ϫ0.01-MPa (very moist) treatment (0.093 g) had signiÞcantly higher biomass than the Ϫ1.0-MPa (slightly moist) treatment (0.064 g). Examination of the effects of insects showed the noinsects treatment had signiÞcantly greater nodule biomass (0.092 g) than the treatment receiving insects (0.065 g) (F ϭ 5.38; df ϭ 1, 11; P Ͻ 0.05).
Vertical Distribution of Alfalfa Root Nodule Biomass. A signiÞcant effect of moisture level relative to nodule biomass was recorded in the top 10 cm of soil, but no soil ϫ moisture interactions were observed (Table 4) . Soil texture showed no signiÞcant effect at this level but the data suggests that more replications should be tested to further validate this conclusion. Nodule biomass in the sand was similar to that in clay but signiÞcantly higher than that in the loam (Table 5 ). Nodule biomass in the Ϫ0.01-MPa treatments was 0.026 g and signiÞcantly higher than that in the Ϫ1.0-MPa treatments (Table 5 ). The greater nodule biomass in the very moist treatments conÞrms results of the early instar experiment discussed previously.
Analysis of nodule biomass in the bottom 10 cm of the soil column revealed a signiÞcant effect of soil type, but not for moisture or soil x moisture interactions (Table 4) . Nodule biomass in the loam and clay were signiÞcantly greater than that in the sand treatment (Table 5) .
Mean nodule biomass in the top 10 cm of the sandy and clay soils was signiÞcantly higher than the biomass in the bottom 10 cm (Fig. 2) . There was no signiÞcant difference between mean nodule biomass in the top 10 cm and bottom 10 cm of loam Þlled pots. Mean nodule biomass exhibited a steeper gradient from top to bottom in the sand than in the clay, with a sixfold difference in the former. Mean nodule biomass in the top 10 cm of the Ϫ0.01-MPa (very moist) treatments was signiÞcantly greater than that in the bottom 10 cm (Fig. 2) . The Ϫ1.0 MPa (slightly moist)-treatments also had significantly greater mean nodule biomass in the top 10 cm than in the bottom 10 cm.
First Instar Penetration of the Soil Surface. Significant differences in the ability of Þrst instars to penetrate the soil surface were inßuenced by soil, moisture, and soil ϫ moisture interactions (Table 6 ). Among the soil and moisture treatment combinations evaluated, the well-graded loamy sand was signiÞ-cantly lower in penetrability than clay and coarse sand in all but the air-dried and saturated treatments (Fig. 3) . The highest levels of penetrability in the clay and coarse sand were in the Ϫ0.1-MPa (moist) and Ϫ1.0-MPa (slightly moist) treatments which represent the drier end of the moisture scale. Penetrability was low in the air-dried and saturated treatments, except in the case of the air-dried coarse sand, which allowed the greatest penetrability.
In the air-dried loamy sand and clay, Þrst instars not only were unable to penetrate the soil surface but also desiccated rapidly. After 5 min of vigorous movement on the soil surface, the Þrst instars shriveled to about one-fourth their original size and expired.
Discussion
Survival of Early Instar Clover Root Curculio. First instar clover root curculio must initially Þnd and feed upon a nitrogen-Þxing nodule to ensure their establishment on the host plant (Byers and Kendall 1982 , Wolfson 1987 , Tan and Hower 1991 . Consequently, soil type, moisture content, and nodule availability play an important role in their survival. Competition for nodules in the soil is thought to be a limiting factor, although "abundant" nodules may be found in alfalfa Þeld soil (Quinn 1985) . Quinn and Hower (1986) reported mean percentage of mortalities of Þrst instars of 66 Ð 81%. This suggests that not all nodules are accessible to Þrst instars due to the physical condition of the soil matrix.
The network of cracks present in the Ϫ1.0-MPa (slightly moist) clay treatment allowed Þrst instar clover root curculio greater mobility through the soil, increased access to available root nodules, and consequently greater survival. Indeed, second instars were consistently found at the bottom of the 20-cmdeep soil column in the Ϫ1.0 MPa clay treatment but were never found there in the sand treatments. The lack of such expansion cracks and large pore spaces in the sand may have limited movement of early instars to the nodules resulting in low survival.
Abrasion and desiccation of early instars may also have contributed to low survival in the Ϫ1.0-MPa sand. Early instars, because of their smaller size, possess a large surface-to-volume ratio, and therefore experience greater evaporative loss than later instars (Edney 1977) . The geometry, size, and continuity of pores may be more closely related to the movement of Þrst instar clover root curculio than measures of soil texture or total soil porosity alone. Bulk density provides a measure of the porosity of the soil, but it is not a measure of pore geometry or continuity. As soil increases in bulk density and decreases in structure, the nonlimiting water range for plants decreases, as does the pore network available for clover root curculio larval movement (Letey 1985) . Management practices, soil texture, and level of soil water are important inßuences on the bulk density and development of structure, and hence, on the continuous pore network in the soil that enhances clover root curculio larval movement. Water-Þlled pores in the soil will inhibit free movement of soil insects, effectively in- creasing tortuosity of soil and depressing survival of insects (Collis-George 1959, Villani and Wright 1990) . This phenomenon may explain the lower survival of clover root curculio larvae in all Ϫ0.01-MPa (very moist) treatments.
El- Kiß et al. (1974) showed somewhat different survival results in soil type experiments with S. lividipes on the host plant Egyptian clover, Trifolium alexandrinum L., in Egypt. Survival of early instar S. lividipes was higher in loamy sand than in silty clay, clay, or virgin sand. The silty-clay and clay soils they used were considerably higher in percentage of clay (56 and 47%, respectively) than the clay used in our experiment (35%). This may have reduced larval survival due to problems caused by excessive shrinking, swelling, and rapid drying. Also, their loamy sand contained a larger percentage of gravel (diameter Ͼ2 mm) than either the silty-clay or clay soils. These larger particles may have created additional pore spaces and avenues of entry into the soil that did not exist in the sand used in the current study.
Alfalfa Root Nodule Biomass. Soil nitrogen is probably the single most important environmental factor affecting nodulation in alfalfa. DeÞciencies of other elements essential to plant growth may decrease nodulation and dinitrogen Þxation, but in most cases these effects are a result of general depression of plant growth (Vance et al. 1988) . Total nitrogen may reduce nodule formation as well as nodule activity and may also accelerate senescence (Sprent and Sprent 1990) . This may partly explain the lower nodule biomass in the clay soil that had twice the nitrogen of other soils. El-Kiß et al. (1974) , in experiments with S. livipides, also reported greater numbers of nodules in loamy sand than in silty clay or clay. They attributed this difference to loamy sand having the lowest concentration of soluble salts. Ibrahim et al. (1970) showed that the formation of nodules on leguminous plants was inversely correlated with the amount of sodium salts in soil solution. Although the clay had a soluble salt value 2.6ϫ higher than the sand in the current study (Table 3) , the overall levels of salts in these limestone soils was low compared with levels of up to 3.3 mg/100 g of soil found in the sodic Egyptian soils that El-Kiß et al. (1974) used in their experiments.
Under Þeld conditions, Wolfson (1987) found that nodulation was suppressed in alfalfa one month after application of high rates of urea (84 and 168 kg N/ha) and subsequent emergence of clover root curculio adults was signiÞcantly lower in the nitrogen-treated plots than in the control plots. Although nodule biomass was signiÞcantly greater in the sand than in the loam and clay in our experiment, percentage of survival of early instar clover root curculio was lowest in the sand. This supports the concept that sand, by nature of its characteristic particle size distribution, structure, and moisture retention capacity, presents more of a barrier to the neonates in search of nodules than does the clay. Apparently, the lower moisture level in this experiment was not low enough to cause nodule abundance to be a limiting factor. Soil moisture has a major effect on nodulation and nitrogen Þxation (Sprent and Sprent 1990) . Soil water deÞcits can signiÞcantly decrease the number of infection threads formed and completely inhibit nodulation in alfalfa (Gibson and Jordan 1983) . Survival and movement of rhizobia responsible for the development of the symbiotic relationship also are reduced by soil water deÞcits (Sprent 1976) . Goldson et al. (1986) found that drought caused a sharp decline in nodule biomass and also reduced accessibility of nodules to young S. discoideus larvae, because nodulation was restricted to the deeper parts of the root system.
Greater nodule biomass in the no-insect treatment was expected because larval feeding directly reduces nodule biomass. Dintenfass and Brown (1988) showed that nodule dry weight was reduced 90% by clover root curculio larval feeding.
Vertical Distribution of Alfalfa Root Nodule Biomass. Different soil moisture effects on nodule biomass in the top and bottom 10 cm of soil were probably due to uneven moisture distribution in the soil proÞle where water was added from the top of the pot. In this situation, the upper soil layers hold most of the water (achieving "Þeld" capacity), whereas the lower level remains comparatively dry (Hillel 1982) . The charac- teristic cracking in the clay and loam allowed rapid inÞltration of water into the lower level giving a relatively more uniform moisture distribution. In contrast, inÞltration rate in the sand slowed over time due to consolidation and pore clogging. Restricted distribution of moisture to the lower soil proÞle resulted in drier soil in the bottom half of the sand treatments and hence, in lower nodule biomass. Because 90% of clover root curculio eggs are found on the soil surface, the Þrst instars must penetrate a soil barrier to Þnd their Þrst critical nodule (Quinn 1985) . As a result, the top 10 cm is the most likely place for Þrst instars to Þnd the Þrst critical nodule and establish on the host plant. However, under Þeld conditions alfalfa normally produces relatively sparse and deep nodules compared with other legumes (Dart 1977) . Thus, the type of soil and moisture content exert a signiÞcant inßuence on establishment of Þrst instars.
First Instar Penetration of the Soil Surface. First instar clover root curculio did not show any ability to burrow, i.e., to move or displace soil for entry. Instead, they searched the surface of the soil, inchworm manner, until locating a suitable pore space or crack through which they descended into the soil. The threshold width or diameter of the opening is determined by the width of the larval head capsule, which according to Leibee et al. (1980) is 0.2 mm, and the ability of the larvae to move soil (Gustin and Schumacher 1989) . Marshall and Wilbur (1934) reported a similar observation for Þrst instars but noted that later instars do burrow through the soil.
Distribution of the various sizes of pore spaces was not quantiÞed for each soil and moisture treatment but the majority of pore spaces in the coarse sand seemed to be wider than the average width of the head capsule in the Þrst instar clover root curculio. Although the pore spaces in the coarse sand presented a tortuous maze, the Þrst instars had no trouble moving through this medium. Some of the available pore space in the wetter coarse sand treatments was occluded by water and resulted in lower penetrability.
The presence of cracks in the clay, many of which were 1 mm wide or greater, also allowed rapid access of Þrst instars into this soil, which was equal in penetrability to all the coarse sand treatments except the saturated and the air-dried coarse sand. These cracks were further dispersed than the pores in the coarse sand and therefore it took the larvae longer to Þnd them. However, once located the larvae moved rapidly into the soil. In the wetter clay treatments, the soil swelled closing the cracks considerably and hindering access.
Lowest penetrability of all the loamy sand treatments by Þrst instars was due to the well-graded nature of the particle size distribution. This soil exhibits a more irregular geometry and hence, few large pore spaces, especially when packed to a high bulk density. Successively smaller soil particles lie closer together Þlling in the spaces between larger particles (Hillel 1982) . There was also a lack of large cracks in the loamy sand.
The results of this study suggest that certain soil textures and structures favor clover root curculio larval development in the alfalfa rhizosphere, thereby increasing the potential damage to alfalfa roots and lowering alfalfa quality and yield. They also explain why clover root curculio damage to the alfalfa crop can vary widely across landscapes. Future research efforts should concentrate on long-term Þeld studies that monitor the development of the structure of sand and clay soils over time and determine the effects of this structural evolution on root nodulation, Þrst instars establishment, taproot surface damage by late instar clover root curculio, and mobility of late instars through the soil matrix. The identiÞcation of consistent differences in the impact of clover root curculio larvae on alfalfa roots, as mediated by soil type and/or structure, will inßuence future monitoring and management programs for this important pest.
